traViolet (EUV, 171-335Å) and soft X-rays (∼ 10Å). We find that, while the Venus optical radius is about 80 km larger than the solid body radius (the expected opacity mainly due to clouds and haze), the radius increases further by more than 70 km in the EUV and soft X-rays. These measurements mark the densest ion layers of Venus' ionosphere, providing information about the column density of CO 2 and CO. They are useful for planning missions in situ to estimate the dynamical pressure from the environment, and can be employed as a benchmark case for observations with future missions, such as the ESA Athena, which will be sensitive enough to detect transits of exoplanets in high-energy bands.
Transits of Venus
1 are among the rarest of predictable astronomical phenomena. They were once of great scientific importance as they were used to gain the first realistic estimates of the size of the Solar System in the 18-19th century 2 . The transit of Venus in 2012 was the last one of the 21st century. Here we describe how observations of this last transit made by space missions at UV, EUV and X-ray wavelengths give us new insight on the upper atmosphere of the planet.
The X-rays and EUV solar radiation is stopped in the ionosphere of rocky planets around the peak of the ion/electron density. Detailed models of the ionosphere structure with the altitude and the solar zenith angle have been developed for Venus [3] [4] [5] [6] [7] [8] , and a radio measurement of the electronic density has been obtained 9 . The photo-ionization induced by the solar EUV radiation produces The mass spectrometer onboard the Pioneer Venus Orbiter measured the ion composition in situ 2 down to periapsis near 150 km, including CO + 2 11 . Despite at the limit of the observation, the peak at low solar zenith angles appeared to be slightly below 150 km and it should be reasonably similar near the terminator.
The knowledge of the density in the ionosphere and neutral atmosphere is very important for planning the minimum altitude of the fly-by with spacecrafts and entry probes of Venus, since they are subject to dynamical pressure and also electrical charging from the environment. channels, and of the Hinode/X-Ray Telescope (XRT) 16 in the Ti-poly filter that has the maximum sensitivity at ∼ 10Å (Table 1) . The AIA and XRT plate scales are 0.60000 arcsec/pixel, and 1.0286 arcsec/pixel, respectively.
We measured the planet radius using the radial intensity profiles from the planet disk center in each selected image (see Supplementary Information). To improve on accuracy and robustness,
we derived the intensity values as latitudinal averages, on annuli centered on the planet disk center.
This allows us to achieve subpixel sensitivity: the thickness of the concentric annuli is 0.2 pixels (25.1 km at the Venus distance) and 0.25 pixels (53.9 km) for AIA and XRT images, respectively.
The intensity profiles we obtained have a smoothed limb due to the convolution of a step function with the instrument Point Spread Function (PSF), and are symmetrical around the middle intensity value, as expected for a symmetrical PSF. We considered the occulting radius for a given wavelength channel as the distance between this point at half-intensity and the disk center. We see that the radius values follow a well-defined trend. The Venus mean solid body radius of R sf = 6051.8 ± 1.0 km is given by the cartographic reference system obtained from Magellan 17 . The optical radius is in agreement with the mean cloud top altitude of 74 ± 1 km retrieved from Venus Express/VIRTIS 18 , and more specifically, to the expected opacity mainly due to upper haze in the first scale height above cloud tops. VEx/SOIR results 19 place that altitude at 73 ± 2 km in the 3 µm band, to be further increased by 6 ± 1 km to retrieve its value in the visible domain 19, 20 .
The altitude values retrieved in the EUV and X-ray bands are significantly larger by 70 − 100 km 4 than the optical radius, while the altitude in the UV band is in between (40 − 50 km).
The altitude that we measured in the EUV and X-ray bands corresponds to the height where the optical thickness along the tangential line of sight reaches the value τ = 1. At this altitude the solar radiation is mostly absorbed by photoionization of neutral atoms, and hence this is also the altitude where a peak of the electron density is expected. In particular, the F 1 peak in density profiles of planetary atmospheres is associated to the absorption of EUV radiation 8 There is a very good general agreement, and an accurate one at UV wavelength. However, we (1) "clouds" is here used for simplicity as reference altitude since the optical opacity in limb view is actually limited by clouds and haze on top of it without a precise boundary.
(2) Upper limit for the uncertainty estimated as half of our sensitivity, i.e., 0.1 pixels, with the SDO/AIA instrument in the optical band (see Suppl. Information).
6 find that at EUV and X-ray wavelengths, although consistent with soft X-rays absorbed at slightly deeper layers than EUV 8 , the Venus atmosphere appears more opaque than expected from the model for SZA = 90
• . This result indicates a tangential column density at heights h ∼ 150-170 km larger than expected from the model in spherical geometry at the terminator, i.e. a higher neutral density than predicted by the standard model of the Venus atmosphere 21 or a longer path. The latter might be the case if the ionosphere at large heights deviates from spherical geometry due to the pressure of the solar wind. This does not seem to be the case deeper in the atmosphere where UV radiation is absorbed.
This is the first time that such a multi-wavelength measurement has ever been performed for a Solar System body, and it is a very rare, unplanned, opportunity we caught; in fact, the occurrence of a transit of a planet with atmosphere over the Sun, and the simultaneous availability of optical, UV, and X-ray observations will not happen again in the near future. This measurement is useful as a check for models of the Venus' atmosphere 7, 9, 10 at the terminator, where large changes are occurring due to the transition from sunlight to darkness 8 . It also provides an independent measurement of the molecular column at heights that were recently analysed by tracking data of the Venus Express Atmospheric Drag Experiment (VExADE) 22 
